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Supplementary Note 1. Band structure and trap states calculations of HgCdTe
Calculation of component and band structure of HgCdTe
Component 𝑥 of Hg1-xCdxTe is estimated via the formula proposed by Chu as follows:1
  (1)
[bookmark: OLE_LINK122]where  is the energy bandgap of Hg1-xCdxTe, x is the component of cadmium, and T is the temperature. Since the cutoff wavelength () is estimated as ~3.6 μm from Fig. S1a, theis extracted via equation  at room temperature (300 K), Here,  is defined as the wavelength where absorption decreases to 50% of the maximum value. Thus, the component 𝑥 is calculated as around 0.33 according to equation (1).
The conduction band minimum (CBM) of Hg1-XCdXTe can be extracted from the CBM upward offset () equation  from CdTe semiconductors.2 Since the CBM of CdTe at room temperature is reported as 3.8 eV,3 the CBM of HgCdTe in this work can be calculated as 4.610 eV. Hence, the valance band maximum (VBM) could be estimated via formula  as 4.960 eV.

The Fermi level according to the following formulas:
								(2)
							  (3)
where  is the free hole volume concentration,  is the valance band equivalent density of states,  is the distance from Fermi level to CBM, respectively,  is the Boltzmann constant,  is the temperature,  is the hole effective mass. For the commonly used component of Hg1-xCdxTe (0.2-0.5), the effective mass of MCT is 0.55. The doping concentration of MCT () is  cm-3 at room temperature from Fig. S1b. We substituted  into formula (3) to figure out () to be 10 meV for MCT.

Calculation of shallow and deep trap states within Hg1-xCdxTe 
[bookmark: OLE_LINK123][bookmark: OLE_LINK126][bookmark: OLE_LINK125]As a ternary alloy compound, HgCdTe (MCT) has a zinc blende lattice structure. The neutral mercury vacancy (VHg) has six electrons from its Te neighbors, so it tends to accept one or two more electrons, producing the singly or doubly negatively charged vacancy levels with higher energy than for the neutral state. The neutral VHg state as a shallow acceptor whose location has been well defined.4 The ionization energy for the material composition (x value) from 0.18 to 0.3 can be calculated from the relation:5
						(4)
[bookmark: OLE_LINK121]where x is the component of cadmium. This means that the acceptor level is located near the top of the valence band maximum. For x ~ 0.3, the second level can be treated as a deep defect state located in the mid of the energy gap. The ionization energy of the second defect state which probably originating from the singly negatively charged VHg:5
						(5)
The Shockley-Read-Hall (SRH) recombination, occurring through deep defect levels within the bandgap, is responsible for minority carrier lifetimes in lightly-doped MCT. At high doping concentrations, these deep centers can facilitate SRH current and trap-assisted tunneling of carriers across the junction, which will elevate the dark current and hinder the development of high-operating-temperature (HOT) MCT devices.6 
According to the shallow and deep trap states calculation formula, the shallow and deep trap states for Hg1-xCdxTe (x~0.33) are located at 24 meV and 104 meV above the valence band, respectively.
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Fig. S1 Optical and electrical characterization of HgCdTe film. a Infrared absorption spectra of HgCdTe film. The cutoff wavelengths  of HgCdTe is ~3.6 μm. b Hall measurement results of HgCdTe film. With the decrease of temperature, the carrier mobility of HgCdTe increases, the carrier concentration decreases and conduction type remains p-type.
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Fig. S2 Raman spectrum and thickness characterization of the tri-layered MoS2/graphene/MCT vdW heterostructure. a Raman spectrum of the graphene, MoS2, and overlap of the heterostructure. b AFM mapping image of the heterostructure. The scale bar is 5 μm. The thickness of graphene c and MoS2 d are extracted from the (b) which are 5 nm and 7 nm respectively. 
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[bookmark: OLE_LINK1][bookmark: OLE_LINK74][bookmark: OLE_LINK75]Fig. S3 Pump-probe characterization of graphene/MCT heterostructure, MoS2/MCT heterostructure, and MoS2/graphene/MCT vdW structure. a Power-dependent transient reflection spectra and fitting curve of MCT/graphene heterostructure. b Carrier dynamics comparison of the MoS2/MCT heterostructure and pristine MCT. c Carrier dynamics comparison of the MoS2/MCT heterostructure and MoS2/graphene/MCT vdW structure. d Power-dependent lifetime weight comparison of MoS2/MCT heterostructure and MoS2/graphene/MCT vdW structure.
The similar decay profiles and power-dependent lifetime weight observed in MoS2/MCT heterostructure and pristine MCT (Fig. S3b) indicated MoS2 hardly affect the carrier recombination process within MCT. This can be ascribed to the small work difference between the MCT and MoS2 and low carrier concertation of MoS2. The passivation effect of graphene is also reflected in the MoS2/MCT vdW heterostructure as observed extended lifetime and different power-dependent lifetime weight (Fig.S3c-d).
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[bookmark: OLE_LINK77][bookmark: OLE_LINK76]Fig. S4 Photoresponse of the MoS2/graphene/MCT vdW photodetector under visible and near-infrared laser illumination. The scale bar is 30 μm. a Optical image of the MoS2/graphene/MCT vdW photodetector. b-d Time-resolved photoresponse of the MoS2/graphene/MCT vdW photodetector under various power laser illumination with the wavelengths of 633 nm, 1050 nm, 1550 nm in linear scale and e-f in logarithmic scale.
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Fig. S5 Photoresponse of the MoS2/graphene/MCT vdW photodetector under MWIR laser illumination. a-f Time-resolved photoresponse of the MoS2/graphene/MCT vdW photodetector under various power laser illumination with the wavelengths of 3000 nm, 3200 nm, 3400 nm, 3600 nm, 3800 nm, and 4000 nm.
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Fig. S6 Photoresponsivity of the MoS2/graphene/MCT vdW vdW photodetectors under the MWIR laser irradiation at Vds= 0 V. a Wavelength-dependent responsivity and photocurrent of the MoS2/graphene/MCT vdW photodetector under ~20 mW cm-2 MWIR illumination. b Power-dependent photoresponsivity of the MoS2/graphene/MCT vdW photodetector under 3200 nm, 3800nm, and 4000 nm laser irradiation.


[image: ]
[bookmark: OLE_LINK78]Fig. S7 Resistance-area product measurement of the a MoS2/graphene/MCT vdW photodetector and b graphene/MCT heterojunction.


[image: ]
Fig. S8 Power-dependent photoresponse of the a MoS2/graphene/MCT vdW photodetector and b graphene/MCT heterojunction for 1550 nm in logarithmic scale.
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[bookmark: OLE_LINK79]Fig. S9 The open-circuit characterization of the MoS2/graphene/MCT vdW photodetector under 1550 nm focused laser. a Output characterization curves under various incident light powers of MoS2/graphene/MCT vdW devices. b The incident light power dependence open-circuit voltage and fitting curve extracted from Fig. S9a. 
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[bookmark: OLE_LINK80]Fig. S10 Power-dependent photocurrent comparison between the MoS2/MCT heterojunction and MoS2/graphene/MCT vdW photodetector under a 633 nm, b 1550 nm, and c 3400 nm. d Rise and decay times of the MoS2/MCT heterojunction at a bias of 0 V under a 633 nm laser. 
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[bookmark: OLE_LINK82][bookmark: OLE_LINK84]Fig. S11 Blackbody characterization of MoS2/graphene/MCT vdW photodetector. a Schematic diagram of blackbody response measurement setup. b Output curves with and without 1093 K illumination at 300 K. c Time-resolved photoresponse of MoS2/graphene/MCT vdW photodetector under diverse blackbody temperature. d Spectra radiance versus wavelength from the 493 to 1193 K blackbody temperatures. e Noise equivalent power (NEP) and f blackbody responsivity comparison between the graphene/MCT heterojunction and MoS2/graphene/MCT vdW photodetector.
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[bookmark: OLE_LINK89]Fig. S12 Blackbody responsivity and detectivity characterization of the MoS2/graphene/MCT vdW photodetector, graphene/MCT heterojunction, and MoS2/MCT heterojunction. a Blackbody responsivity and detectivity of MoS2/graphene/MCT vdW photodetector under diverse blackbody radiation intensity. b Blackbody responsivity and c detectivity comparison of graphene/MCT heterojunction, MoS2/MCT heterojunction and MoS2/graphene/MCT vdW photodetector under 1093 K blackbody temperature.
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Fig. S13 Spectral response and blackbody detection performance of MoS2/graphene/MCT vdW photodetector. a Relative response spectrum of the MoS2/graphene/MCT vdW photodetector. b Peak photoresponsivity and detectivity under various blackbody temperatures radiation from 493 K and 1193 K.


Table 1. Performance comparison of MWIR photodetector7-18
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RyA: Resistance area product under zero bias; Jy,q: Dark current density; T2SL: Type-Il superiattice.




